Plant defense mechanisms against necrotrophic pathogens, such as Botrytis cinerea, are considered to be complex and to differ from those that are effective against biotrophs. In the abscisic acid-deficient sitiens tomato (Solanum lycopersicum) mutant, which is highly resistant to B. cinerea, accumulation of hydrogen peroxide (H 2 O 2 ) was earlier and stronger than in the susceptible wild type at the site of infection. In sitiens, H 2 O 2 accumulation was observed from 4 h postinoculation (hpi), specifically in the leaf epidermal cell walls, where it caused modification by protein cross-linking and incorporation of phenolic compounds. In wildtype tomato plants, H 2 O 2 started to accumulate 24 hpi in the mesophyll layer and was associated with spreading cell death. Transcript-profiling analysis using TOM1 microarrays revealed that defense-related transcript accumulation prior to infection was higher in sitiens than in wild type. Moreover, further elevation of sitiens defense gene expression was stronger than in wild type 8 hpi both in number of genes and in their expression levels and confirmed a role for cell wall modification in the resistant reaction. Although, in general, plant defense-related reactive oxygen species formation facilitates necrotrophic colonization, these data indicate that timely hyperinduction of H 2 O 2 -dependent defenses in the epidermal cell wall can effectively block early development of B. cinerea.
Botrytis cinerea causes gray mold diseases in a broad range of plant species and is one of the most comprehensively studied necrotrophic plant pathogens. Necrotrophs kill their host cells by secreting toxic compounds or lytic enzymes and, in addition, produce an array of pathogenicity factors that can subdue host defenses (for review, see van Kan, 2006) . Despite elaborate research studies, the biochemical and genetic basis of resistance to Botrytis is still not fully understood. The ability of the fungus to kill cells was proposed as a major determinant in host specificity of different Botrytis species (Mansfield and Hutson, 1980) and, similarly, plant resistance to Botrytis is supposed to depend on the balance between cell death and survival (van Baarlen et al., 2007) . In addition, constitutive and inducible plant secondary metabolites determine host specificity of different Botrytis species and fungal colonization in compatible interactions (for review, see van Baarlen et al., 2004) . Structural barriers and cell wall fortifications are also considered to be involved in arresting Botrytis, although the actual contribution to the effective inhibition of infection is often unclear (van Baarlen et al., 2004) .
One of the most important plant defense responses to pathogens is the production of reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), during oxidative burst (Mehdy, 1994) . ROS can function in cell wall modification, defense signaling, the hypersensitive response (HR), or be directly toxic to pathogens (Lamb and Dixon, 1997) . There is evidence, however, that generation of ROS assists the colonization of plant tissue by necrotrophic pathogens: B. cinerea infection can be suppressed by spraying antioxidants on plants (Elad, 1992) and H 2 O 2 is produced during common bean (Phaseolus vulgaris) and Arabidopsis (Arabidopsis thaliana) colonization (von Tiedemann, 1997; Govrin and Levine, 2000) . Therefore, defense reactions effective against biotrophic pathogens are believed to increase vulnerability toward necrotrophs (for review, see Lyon et al., 2004) . Nevertheless, the role of ROS in defense against B. cinerea remains controversial. Some studies suggest a positive effect of ROS on plant resistance: Chemical induction of oxidative burst in tomato (Solanum lycopersicon) with O-hydroxyethylorutin resulted in resistance (Malolepsza and Urbanek, 2002) and a biphasic oxidative burst has been reported in bean cells attacked by B. cinerea (Unger et al., 2005) . The secondary oxidative burst was much stronger in infections with a nonaggressive rather than with an aggressive strain, which led to the conclusion that ROS-mediated HR-like cell death was able to block B. cinerea.
Four Botrytis-susceptible loci (BOS1, BOS2, BOS3, and BOS4) that affect Arabidopsis susceptibility to B. cinerea were recently identified. The BOS1 locus has been shown to encode a MYB transcription factor that interacts with the jasmonate signaling pathway mediated by ROS (Mengiste et al., 2003; Veronese et al., 2004) . Within the complex transcriptional response of Arabidopsis during infection, subsets of the Botrytis-induced genes depend on functional jasmonate, ethylene, and salicylic acid (SA) signaling pathways and three Botrytisinduced transcription factors are sensitive to abscisic acid (ABA; AbuQamar et al., 2006) . These results demonstrate that the outcome of interactions between plants and necrotrophs is, as with biotrophs, determined by complex interplay between different plant hormones regulating defense gene expression and disease resistance (Thomma et al., 1998; Glazebrook, 2005) .
Recently, it has become clear that there is an important overlap between biotic and abiotic stress signaling involving ABA (Xiong and Yang, 2003; Anderson et al., 2004; Fujita et al., 2006) . Some exceptions notwithstanding, high or basal ABA levels contribute to a susceptible response to the pathogen (Henfling et al., 1980; Mohr and Cahill, 2001; Mauch-Mani and Mauch, 2005) . During the plant's defense to pathogens, interactions of ABA with SA, jasmonate, or ethylene are mostly antagonistic, as is the case in several plant developmental processes. However, besides the interaction of ABA with other hormones in defense signaling, there is little or no knowledge of the primary mechanisms of ABA-induced disease susceptibility (Mauch-Mani and Mauch, 2005) . During abiotic stress, ABA-derived signal transduction often involves accumulation of H 2 O 2 (Kwak et al., 2006) . On the other hand, in physiological processes, such as seed germination, the release of H 2 O 2 is inhibited by ABA (Schopfer et al., 2001) .
The tomato ABA-deficient sitiens mutant is highly resistant to B. cinerea and displays a stronger SAdependent defense response than the wild type (Audenaert et al., 2002) . In addition, it is less susceptible to the biotrophic fungal pathogen Oidium neolycopersici (Achuo et al., 2006) , the hemibiotrophic bacterium Pseudomonas syringae pv tomato (Thaler and Bostock, 2004) , and the necrotrophs Sclerotinia sclerotiorum and Erwinia chrysanthemi (B. Asselbergh, unpublished data). Here, we show that rapid H 2 O 2 accumulation is essential within the resistance mechanism of sitiens to B. cinerea. H 2 O 2 accumulated rapidly in the sitiens epidermal cells upon pathogen inoculation, causing increased protein cross-linking and peroxidative incorporation of phenolic compounds in the cell wall, reactions that were not present in the wild type. This fast cell wall-related defense response was also reflected at the transcriptome level with increased defense-related transcript levels. Our data suggest that timing, quantity, and localization of ROS determine the outcome of the B. cinerea-tomato interaction.
RESULTS

B. cinerea Is Blocked in the Early Steps of the Infection Process in sitiens
The first symptoms on tomato leaf tissue artificially infected with a B. cinerea conidial suspension appear as necrotic spots beneath the inoculation droplet between 24 and 48 h postinoculation (hpi). In a susceptible reaction, these primary necrotic spots develop to watersoaked, macerated lesions within 96 hpi (Benito et al., 1998) . In a resistant reaction, fungal development is restricted to a few dark-brown spots (nonspreading lesions). After conidia inoculation, the ABA-deficient sitiens mutant shows primary necrotic spots, but displays strong reduction in the percentage of spreading lesions compared to wild-type plants (Audenaert et al., 2002) . In this study, we specifically assessed the differences between wild type and sitiens during the early stages of the infection process. We modified the drop inoculation method described by Audenaert et al. (2002) by adding a pregermination step to synchronize B. cinerea conidia germination and by using 1-cmdiameter leaf discs floating on water. This procedure leads to a more uniform and synchronized infection without compromising the resistance response in sitiens (Fig. 1A) .
Until 24 hpi, infection events were very similar in wild-type and sitiens leaf discs. Conidial attachment and germination occurred within 4 hpi, followed by normal hyphal growth, accompanied by appressoriummediated and hyphal tip penetration attempts (data not shown). The first differences were observed during primary necrosis events between 24 and 48 hpi (Fig. 1B) : In sitiens, spots were more abundant and appeared as dry, dark-brown, round-shaped dots, whereas in wild-type leaf tissue, necrotic spots were larger, irregularly shaped, and pale brown. These observations suggest that, in sitiens, resistance mechanisms are already activated prior to, or at latest during, the onset of primary necrosis. compared H 2 O 2 accumulation at the inoculation site by using 3,3#-diaminobenzidine (DAB) staining. In this protocol, brown precipitates are formed at the sites of H 2 O 2 accumulation (Thordal-Christensen et al., 1997) . Wild-type and sitiens leaf discs were inoculated with a droplet of a B. cinerea conidial suspension and floated for 3 h in a solution containing 1 mg/mL DAB before sampling 4, 8, 12, 24, 48, and 72 hpi. In mockinfected leaf discs, no DAB accumulation was observed. In wild type, DAB staining was macroscopically detectable at 48 hpi and was associated with lesion progression. In sitiens, staining became macroscopically visible from 8 hpi and further intensified at later time points, but remained restricted to the area covered by the infection droplet (Fig. 2) . When the DAB solution was supplemented with ascorbic acid, staining was abolished, indicating that staining was due to H 2 O 2 accumulation (data not shown).
Microscopic observations revealed that, in sitiens, DAB staining was detectable as early as 4 hpi in epidermal cell walls in close contact to the fungal germ tubes (Fig. 3A) . Between 4 and 8 hpi, H 2 O 2 accumulation was detected also in the entire anticlinal wall of epidermal cells in contact with the fungus and in neighboring epidermal cells. The spreading of H 2 O 2 accumulation from the sites of fungal contact resulted in general DAB staining of mainly the anticlinal walls of the majority of epidermal cells beneath the infection droplet at 8 hpi (Fig. 3B) . At later time points, extracellular H 2 O 2 accumulation gradually decreased, but from 12 hpi, H 2 O 2 was also clearly visible inside multiple epidermal cells in sitiens (Fig. 3C ). Epidermal cells with intracellular H 2 O 2 accumulation displayed autofluorescence due to accumulation of phenolic compounds and cytoplasmic aggregation (Fig. 4) , two features that are considered as hallmarks of a HR (Heath, 2000) . None of these reactions were visible in wildtype cells at these early time points. Instead, the developing lesion showed intense DAB staining in the mesophyll layer that started between 24 and 48 hpi ( Fig. 3 ; data not shown).
Nitroblue tetrazolium (NBT) was used to visualize accumulation of superoxide (Doke, 1983) in wild-type and sitiens leaf tissue after inoculation with B. cinerea. NBT accumulated only at the leaf disc border and was not detected at the infection site at any of the examined time points (Supplemental Fig. S1 ).
H 2 O 2 Burst Is Necessary for sitiens Resistance To address whether the rapid H 2 O 2 burst in sitiens is directly inferred from ABA deficiency, exogenous ABA (100 mM) was applied before infection and DAB staining. Petiole feeding with exogenous ABA 24 h before infection was shown to restore B. cinerea susceptibility of sitiens to wild-type levels (Audenaert et al., 2002) . Repetitive spraying of ABA had the same effect (data not shown; see also Achuo et al., 2006) and suppressed H 2 O 2 accumulation (Fig. 5A ). Microscopic assessment during the early stages of infection confirmed that ABA supplementation decreased the number of DAB-positive epidermal cells toward the amount detectable in wild-type tissue (Fig. 3) .
Artificial impairment of the rapid oxidative burst in sitiens also resulted in restoration of susceptibility. Floating of sitiens leaf discs on a solution supplemented with 1,100 units/mL catalase or 5 mM ascorbate during conidia inoculation significantly increased or totally reestablished susceptibility, respectively (Fig. 5C ). Whereas catalase treatment did not significantly affect susceptibility of the wild type, ascorbate provoked pathogen lesions to spread earlier than in untreated leaf discs and led to abundant superficial fungal growth and accelerated sporulation (Fig. 5C ). Interestingly, (Fig. 5B ) without altering the number of cells that displayed extracellular or intracellular H 2 O 2 accumulation (data not shown). Application of 50 mM diphenilene iodonium (DPI), an inhibitor of the ROSgenerating enzyme NADPH oxidase, restored B. cinerea susceptibility to wild-type levels (Fig. 5C ). DPI inhibited the specific accumulation of H 2 O 2 underneath the inoculation droplet, but also caused nonspecific background staining covering the entire leaf disc surface (Fig. 5, A Because H 2 O 2 production after pathogen attack can result from increased peroxidase activity and peroxidases mediate many H 2 O 2 -related defense responses, we examined extracellular peroxidase activity with the tetramethylbenzoidine (TMB) assay described by Ros Barceló (1998) . Leaf discs inoculated with B. cinerea were fixed in ethanol and incubated in a solution of TMB and H 2 O 2 . Peroxidation of the TMB molecule resulted in blue discoloration of both leaf tissue and incubation solution. The latter was used to quantify the activity of extracellular peroxidases (Lucena et al., 2003) . In wild-type leaf discs, a minor increase was detected 72 hpi, whereas in sitiens peroxidase activity increased significantly between 4 and 24 hpi, followed by a drastic and sustained increase at 24 hpi (Fig. 6) . In mock-infected sitiens leaf discs, peroxidase levels also increased at 48 and 72 hpi, but levels remained lower than in infected sitiens discs.
Because peroxidase-dependent defense responses often use H 2 O 2 as a substrate to cross-link cell wall components, we performed different staining procedures to visualize changes in the cell wall. Cross-linking of cell wall proteins was detected with Coomassie Blue subsequent to protein denaturation and free protein removal (Mellersh et al., 2002;  Fig. 7A ). In addition, we used safranin-O and toluidine blue to detect the peroxidative incorporation of phenolic compounds in the cell wall, a fortification mechanism important during lignification and suberization (Mellersh et al., 2002; Lucena et al., 2003; Fig. 7, B and C) . For both genotypes, no staining was visible outside the infection droplets. Cell wall modification was more abundant and appeared earlier in sitiens than in the wild type. Moreover, accumulation of all three stains clearly coincided in timing and location with the presence of extracellular H 2 O 2 : Starting from 8 hpi, the anticlinal cell walls of sitiens epidermal cells stained intensely during the time course (12, 16, 20, 24, 48 , and 72 hpi; data not shown), whereas in wild-type tissue, only limited zones of the In sitiens, H 2 O 2 was located at the site of penetration and in some parts of the anticlinal wall of the penetrated cell, whereas in wild type and in sitiens supplemented with ABA, no H 2 O 2 accumulation was detected. Germinating conidia were classified in two groups based on the presence or absence of associated DAB accumulation in the epidermal cells, whose percentage is shown. B, DAB accumulation in epidermal cell walls. In sitiens, DAB staining was general in the entire outline of the anticlinal cell wall, whereas in wild type and sitiens supplemented with ABA, no H 2 O 2 accumulation was detected at 8 hpi (top). The restriction of sitiens DAB accumulation to the epidermal layer was confirmed on cross sections (bottom). Epidermal cells were classified in two groups based on the presence or absence of DAB accumulation in the anticlinal walls, whose percentage is shown in the anticlinal walls at 8, 16, and 20 hpi. C, Intracellular DAB accumulation in epidermal cells showing an HR-like reaction. At 16 hpi, wild-type and ABA-supplemented sitiens epidermal cells did not accumulate intracellular DAB, whereas in sitiens, groups of HR-like cells with intracellular DAB accumulation were present near the site of fungal penetration. Epidermal cells were classified in two groups based on the presence or absence of intracellular DAB accumulation and the percentage is shown at 12, 16, and 20 hpi. In all graphs, bars represent the means and the SDs of data from six inoculation droplets originating from three plants. In each inoculation droplet, at least 50 conidia (A) or 300 epidermal cells (B and C) originating from representative zones within each inoculation droplet were counted. Data from one experiment is presented. The experiment was repeated with similar results. Scale bar 5 50 mm. anticlinal cell walls of a few cells were positive and only after 12 hpi (Fig. 7) . Underneath the inoculation droplet, the number of epidermal cells displaying clear cell wall modification in the anticlinal walls ranged between 40% and 80% in sitiens, but was never higher than 20% in wild-type cell walls (data not shown).
H 2 O 2 dependency of the cell wall modification in sitiens was further confirmed on leaf discs treated with antioxidants. Whereas ascorbate treatment removed all sitiens cell wall modifications, treatment with catalase resulted in lower staining intensity (Fig. 8 ).
Transcriptome Profiling of the Tomato Response to B. cinerea
To assess changes in gene expression, we compared the transcriptome of wild-type and sitiens plants infected with B. cinerea. Detached leaves were spray infected with a conidial suspension to ensure a standardized sampling procedure because of a uniform infection covering the entire leaf area. Disease scoring showed that symptom development was similar to that after drop inoculation, with sitiens being more resistant than the wild type (Supplemental Fig. S2 ). We performed a genome-wide transcriptome analysis with TOM1 tomato cDNA arrays containing 12,899 ESTs, representing approximately 8,600 unigenes (Alba et al., 2004) . A loop design was constructed, consisting of seven replicated dye-swap experiments in which two independent pools of four leaflets harvested from 5-weekold mock-sprayed and spray-infected plants at 0 and 8 hpi were compared in an equal treatment replication structure on a total of 14 TOM1 cDNA microarrays (Supplemental Fig. S3 ). We chose to sample at 8 hpi because, at that stage, no necrosis is visible yet, despite obvious fungal penetration attempts and H 2 O 2 accumulation. In addition, time-course analyses with cDNAamplified fragment length polymorphism indicated . Effect of ABA, ascorbate, catalase, and DPI treatment on H 2 O 2 accumulation and symptom development in wild-type and sitiens tomato leaf discs after inoculation with two 5-mL droplets of B. cinerea conidial suspension. A, DAB staining at 20 hpi. One representative disc out of three replicates is presented. B, Micrograph of sitiens H 2 O 2 accumulation at 8 hpi. C, B. cinerea symptom development. For each treatment, at least 18 leaf discs from at least five plants were infected and the number of spreading lesions was evaluated at 4 dpi. Data were statistically analyzed using binary logistic regression. Bars with different letters are significantly different at P , 0.05. Profuse pathogen development is visible on discs treated with ascorbic acid at 4 dpi. All experiments were repeated with similar results.
that gene expression induced by B. cinerea was first detectable between 4 and 8 hpi (data not shown). Similar to previous studies (Vuylsteke et al., 2005) , we used a mixed-model approach to produce estimates of the gene-specific genotype, treatment, and genotype 3 treatment effects along with appropriate SEs. Briefly, a linear mixed normalization model was used to estimate the global variation of the collection of the 12,899 cDNA fragments in the form of random array effects, random channel effects, and random error. In a second step, 12,899 gene-specific models were applied to partition gene-specific variation into fixed dye effects, fixed treatment (e.g. genotype, infection, time) effects, random spot effects, and random error. In a third and last step, for each transcript, expression differences were estimated for contrasts among treatments and were tested by t tests. To make tables within the article not too exhaustive, we used a conservative P-value cutoff of 0.001, whereas results with a cutoff of 0.01 are given as Supplemental Table S1 . Microarray results were confirmed with quantitative real-time (RT)-PCR with gene-specific primers (see ''Materials and Methods'') for six genes selected based on the following analyses (Supplemental Fig. S4 ).
First, we assessed differential gene expression between wild type and sitiens prior to pathogen infection. Differential expression (P , 0.001 and .2-fold change [FC]) was evident for 56 ESTs representing 40 unigenes (Table I) . Within the unigenes up-regulated in sitiens compared to wild type (28), there was clear enrichment for proteins involved in defense responses. The strongest up-regulated genes (.5 FC) were almost all associated with plant-pathogen interactions: pathogenesis-related (PR) protein PR1, osmotin-like proteins, glucan endo-1,3-b-glucosidase B, and thaumatin-like proteins (van Loon and van Strien, 1999) , suggesting that sitiens plants are already in a prealerted state of defense before pathogen infection. Interestingly, expression of the PR transcriptional activator Pti5 was also higher in sitiens prior to inoculation.
Next, we filtered the genes that were significantly differentially expressed between mock-inoculated and pathogen-inoculated samples. In wild type, 11 genes were significantly differentially regulated 8 hpi upon pathogen infection (P , 0.001), whereas in sitiens 41 were. In wild type, two extensins and a cell wall protein were significantly modulated by the B. cinerea infection with a FC of at least 1.5 compared to 26 Figure 6 . Extracellular peroxidase activity in wild-type and sitiens leaf discs infected with B. cinerea. Leaf discs were inoculated with two 5-mL droplets of B. cinerea (infected) or with the control (mock) solution and fixed in ethanol at the different time points. Peroxidase activity was measured at 654 nm after addition of TMB and 0.03% H 2 O 2 . The mean and SE of the absorbance of the incubation solution from three discs of different plants are presented. Figure 7 . Cell wall modifications in wild-type and sitiens tomato inoculated with B. cinerea. In sitiens, cell wall modifications were first detected at the sites of H 2 O 2 accumulation and were generally present from 8 hpi beneath the inoculation droplet in the epidermal anticlinal cell walls, with an increase in staining intensity at subsequent time points. In wild-type tomato, only few cells had limited cell wall modifications. Cell wall modifications were visualized with Coomassie Blue staining after SDS denaturation to detect protein cross-linking (dark blue; A) with safranin-O (red-pink; B) and with toluidine blue to detect phenolic compounds (turquoise), whereas pectic fragments stain purple (C). For each time point and stain, infection sites on at least three leaf discs from independent sitiens and wild-type plants were examined and gave the same pattern of cell wall fortification. Scale bar 5 50 mm. unigenes in sitiens (Table II; Supplemental Table S1 ; P , 0.01), indicating a stronger response to infection in sitiens than in wild type at 8 hpi. Most prominent inductions were observed for PR-related genes, including PR-1A1, PR1, an extensin, a protease inhibitor, and a lipoxygenase. Because of the involvement of cell wall-related defense mechanisms in sitiens resistance as indicated by the previous experiments, we assessed expression patterns of cell wall-related genes upon infection. Supplemental Table S2 presents the gene ontology-annotated cell wall genes together with five genes that we manually annotated as cell wall-related genes based on literature surveys, which were deregulated upon pathogen infection in sitiens with a FC of at least 1.5. Most of these cell wall genes are involved in cross-linking, supporting the evidence for rapid cell wall modification in the resistance of sitiens.
DISCUSSION
Here, we show that the very high level of resistance to B. cinerea in ABA-deficient sitiens tomato plants coincided with a prompt localized accumulation of H 2 O 2 that could be prevented by exogenous ABA application. H 2 O 2 accumulation in sitiens was accompanied by an increase of extracellular peroxidase activities and was located in the epidermal cell layer, where it caused both cell wall modification and an HR-like response. Although ROS have a dual role after pathogen attack, acting as key defense compounds against biotrophic pathogens on the one hand, but serving as the molecules by which necrotrophs exploit these responses on the other hand, we demonstrate that timely hyperinduction of H 2 O 2 -dependent defenses can be effective in arresting the necrotroph B. cinerea.
Transcript-profiling analysis revealed that defenserelated transcript accumulation prior to infection is higher in sitiens than in wild type. Moreover, further elevation of defense gene expression is stronger after B. cinerea attack, both in number of genes and their expression levels. Our results indicate that lower basal ABA levels result in a prealerted state of defense in sitiens, allowing the mutant to respond earlier and more strongly to pathogen challenge. Recently, Mohr and Cahill (2007) reported that addition of exogenous ABA induced susceptibility in a normally incompatible interaction between Arabidopsis and P. syringae pv tomato by suppression of lignin and SA accumulation. Moreover, treatment with ABA suppressed the expression of many defense-related genes (Mohr and Cahill, 2007) . Anderson et al. (2004) similarly observed higher basal transcript levels of defense-related genes in ABAdeficient Arabidopsis mutants. Moreover, the abi2-1 mutant was more resistant against the necrotrophic fungus Fusarium oxysporum. An obvious genetic or biochemical link between ABA and the higher resistance level is not available. Pti5, a tomato pathogen-inducible ethylene response element-binding protein-like transcription factor, whose expression is higher in sitiens than in wild Figure 8 . Effect of ascorbate and catalase treatment on epidermal cell wall modification in sitiens tomato inoculated with B. cinerea. The sitiens leaf discs that were floated in a solution of ascorbate or catalase and infected with B. cinerea were fixed in ethanol at 16 hpi and stained with safranin-O. Ascorbate treatment completely removed the cell wall staining, whereas catalase treatment resulted in fainter accumulation of the stain compared to the control treatment. For each treatment, at least three discs were examined and gave the same pattern of cell wall modification. Scale bar 5 50 mm.
type prior to infection, can provide a link between ABA deficiency and pathogen-induced gene activation. Pti5 is expressed specifically during biotic but not abiotic or hormonal stresses, suggesting a specific role for Pti5 in plant defense against pathogens (Thara et al., 1999) . Overexpression of Pti5 in tomato enhances resistance against P. syringae pv tomato and primes for expression of osmotin, b-glucanase, and catalase (He et al., 2001) . Interestingly, an osmotin-like protein (SGN-U144488) and b-glucanase (SGN-U143416; Table I ) are also highly expressed in sitiens prior to infection. In Arabidopsis, SA-regulated PR protein genes were regulated by Pti5 (Gu et al., 2002) . Hence, high expression levels of PR proteins in sitiens before and after B. cinerea infection might be a result of Pti5-mediated regulation. Otherwise, the fact that the sitiens mutant can be considered to permanently suffer from drought stress because of the lack of ABA-mediated stomatal regulation (Nagel et al., 1994) might explain the higher basal expression of defense-related genes in the mutant because abiotic stress can cause priming for pathogen defense (Conrath et al., 2002) . Audenaert et al. (2002) , we found some genes transcriptionally activated by B. cinerea that are involved in SA-dependent signaling (e.g. PR1 protein) or the phenylpropanoid pathway (e.g. cinnamic acid 4-hydroxylase; Table II; Supplemental  Table S1 ). It was shown that NahG tomato plants that are unable to accumulate SA are slightly more susceptible to B. cinerea. Moreover, Phe ammonia lyase activity, implicated in SA biosynthesis, was higher upon infection in sitiens than in wild-type plants (Audenaert et al., 2002) . Opposing results to these were found in Arabidopsis, where NahG mutants showed no susceptibility to B. cinerea (Thomma et al., 1998; Veronese et al., 2004 ) and mutants with induced or constitutively activated systemic acquired resistance (SAR) and SAR gene expression generally were more susceptible to B. cinerea (Kachroo et al., 2001; Govrin and Levine, 2002) . However, Govrin and Levine (2002) also reported that removal of basal SA accumulation by expression of the NahG gene or by infiltration of 2-aminoindan-2-phosphonic acid increased B. cinerea disease symptoms. In addition, SA accumulation was shown to play a role in local resistance to B. cinerea infection in Arabidopsis mutants that constitutively express SAR, but do not have a cell death phenotype (Ferrari et al., 2003) . Finally, it was shown before that the role of SA signaling in defense against necrotrophic pathogens might differ according to the host plant (Achuo et al., 2004) .
Consistent with
Necrotrophic fungi, such as B. cinerea, feed upon dead plant tissue, implying that the pathogen is able to kill host cells during infection. B. cinerea induces ROS formation in plants, resulting in hypersensitive cell death that facilitates fungal colonization (Elad, 1992; von Tiedemann, 1997; Govrin and Levine, 2000; Schouten et al., 2002; Govrin et al., 2006) . We propose that timing, localization, and function of the increase in ROS are crucial in its role on B. cinerea development. Under our experimental conditions, H 2 O 2 in wild-type tomato started to accumulate after 24 h in mesophyll tissue colonized by B. cinerea and was associated with spreading cell death. In sitiens, however, H 2 O 2 accumulation (Schouten et al., 2002; Lyon et al., 2004) . Moreover, neither in sitiens nor in wild type did we observe signs of hyphal death of the invading fungus. The importance of H 2 O 2 accumulation in resistance to Botrytis was shown by increased susceptibility in sitiens after application of different antioxidants. In wild-type plants, catalase treatment had no significant effect on disease development, but in sitiens it partially eliminated H 2 O 2 accumulation and increased the number of spreading B. cinerea lesions, although wild-type control levels were not reached. Catalase has a specific, well-characterized mode of action and eliminates H 2 O 2 generated in the cell wall and the plasma membrane (Mellersh et al., 2002) . The fact that catalase did not remove all extracellular H 2 O 2 nor fully restore susceptibility in sitiens might be explained by inadequate uptake or activity of the enzyme. Profuse B. cinerea symptom development was observed on both genotypes after ascorbic acid treatment. This strong antioxidant not only removes pathogen-induced H 2 O 2 accumulation in sitiens, but appears to disrupt all defenses, including the ones that are normally capable of retarding pathogen development in wild-type tomato. It cannot be excluded that ascorbate treatment has provoked unwanted changes and disrupted normal plant metabolism because it is known that ascorbate serves as an important redox compound controlling redox homeostasis and can have effects on plant growth, photosynthesis, cell cycle, and hormone production (Noctor, 2006) . In addition to antioxidant treatments, inhibition of ROS generation with DPI increased susceptibility in sitiens to wild-type levels. Together, these findings point to the existence of additional H 2 O 2 -dependent defense mechanisms in the sitiens mutant that are not adequately expressed in wild-type tomato. Our observations are consistent with other studies that have also demonstrated that accumulation of ROS can be essential in successful defense against B. cinerea. Previously, resistance of tomato plants against B. cinerea infection has been demonstrated to result from early stimulation of H 2 O 2 and superoxide radical generation by NADH peroxidase and superoxide dismutase in the apoplastic space (Patykowski and Urbanek, 2003) . Moreover, whereas an aggressive isolate of B. cinerea induces expanding palebrown necrosis, a nonaggressive isolate is arrested by biphasic oxidative burst and HR-like necrosis on bean leaf tissue (Unger et al., 2005) .
Two major mechanisms of ROS production in plants upon pathogen attack have been described: membranebound NADPH oxidases, inhibited by DPI, and cell wall peroxidases, inhibited by azide (Lamb and Dixon, 1997; Torres et al., 2006) . Whereas the effect of azide on pathogen-induced ROS accumulation could not be established due to its antimicrobial effect (data not shown), application of DPI to sitiens leaf discs inhibited H 2 O 2 production upon B. cinerea infection and increased susceptibility, pointing to the involvement of NADPH oxidases as a source of ROS in sitiens. However, because the specificity of DPI to exclusively block NADPH oxidases has been questioned (Bolwell et al., 1998) , we cannot make conclusive statements regarding the source of sitiens ROS generation.
Early H 2 O 2 accumulation at the site of plant-fungal contact has been shown to be decisive for the outcome of several tomato-pathogen interactions. H 2 O 2 is critical Figure 9 . Schematic model of the location and sequence of fungal growth, H 2 O 2 accumulation, and cell wall modification in wild-type and sitiens leaf tissue infected with B. cinerea. Wild-type tissue displays only very few zones with H 2 O 2 accumulation or cell wall modification until 24 hpi. Between 24 and 48 hpi, strong H 2 O 2 accumulation appears mainly in the mesophyll cell layer and is associated with cell death and fungal spreading. In sitiens, H 2 O 2 accumulation and modifications coincide in a first phase (around 8 hpi) mainly in the anticlinal walls of epidermal cells. At later time points (24 and 48 hpi), fungal growth inside sitiens is blocked by these modifications and is thereby limited to the epidermal outer periclinal wall. Intracellular H 2 O 2 is mainly restricted to HR-like epidermal cells. co, Conidium; cu, cuticula; ep, epidermal cell layer; me, mesophyll cell layer; pe, point of penetration.
to determine resistance of tomato to Cladosporium fulvum (Borden and Higgins, 2002) . The same was found for the interaction of tomato with the anthracnose fungus (Colletotrichum coccodes; Mellersh et al., 2002) and with the powdery mildew fungus (O. neolycopersici; Mlíčková et al., 2004) . In these interactions, penetration failure and resistance result from early accumulation of H 2 O 2 in the anticlinal epidermal cell walls in close contact with the fungal structures. The sitiens response to B. cinerea shows striking analogy in timing and localization of H 2 O 2 accumulation with these tomato defense reactions to biotrophic and hemibiotrophic pathogens, but are even more forcefully triggered and therefore effective in arresting development of the necrotroph B. cinerea.
Fortification of the cell wall is a multistep process that involves H 2 O 2 -mediated cross-linking of preformed molecules and induction of transcriptiondependent defenses (Bradley et al., 1992; Ribeiro et al., 2006) . In our system, expression of defense-related cell wall genes was observed early after infection and coincided with microscopically visible cell wall modification (8 hpi). Genes encoding Hyp-and Gly-rich proteins, structural plant cell wall proteins that can be cross-linked (Showalter, 1993) , are expressed more strongly in sitiens than in wild type. Also, genes encoding enzymes involved in the phenylpropanoid biosynthesis pathway or in the peroxidative incorporation of these phenolic compounds into the cell wall, such as the suberization-associated peroxidase and the cinnamic acid 4-hydroxylase, are transcriptionally activated. Furthermore, microarray data also revealed a role for enzymes that function in pectin and cellulose modification (e.g. xyloglucan endotransglycosilases and pectinesterases). In view of the infection process of B. cinerea, the anticlinal cell wall of the epidermis is a promising site for reinforcement (Fig. 9) . After breaching the plant's cuticle, B. cinerea hyphae grow within the epidermal outer periclinal cell wall before invading the underlying tissue. This penetration to the mesophyll layer occurs intercellularly between epidermal cells and implies the collapse of anticlinal cell walls and dissolution of the middle lamella (Clark and Lorbeer, 1976) . Hence, obstruction at the anticlinal cell walls blocks passage for B. cinerea to the underlying tissue. Besides forming a mechanical barrier to physical fungal penetration, cell wall reinforcements are known to decrease susceptibility to cell wall-degrading enzymes, to impede nutrient diffusion to the pathogen, and to possibly restrict diffusion of toxins (Brisson et al., 1994; Bestwick et al., 1998; van Kan, 2006) . Again, the anticlinal wall is a supreme target to hinder cell wall degradation during early invasion of the epidermal layer because anticlinal walls are very rich in pectin and pectin decomposition and consumption are essential in the development of B. cinerea on all hosts (van Kan, 2006) . Moreover, Kars et al. (2005) showed that action of B. cinerea pectinases, needed for the growth in the anticlinal walls, is required for normal primary lesion formation. Although a number of studies indicate the importance of cell wall modification in the defense against Botrytis on several hosts (Mansfield and Hutson, 1980; Mitchell et al., 1994; McLusky et al., 1999; van Baarlen et al., 2004) , the requirement of localized ROS accumulation in this response to Botrytis was, to our knowledge, never presented before.
The relative contribution to B. cinerea resistance of cell wall modifications and concomitant production of secondary antimicrobial metabolites has often been questioned (for review, see van Baarlen et al., 2004) . In our interaction, we cannot exclude a role for secondary defense compounds in sitiens because there are several reports dealing with phytoalexin production during B. cinerea infection and ROS can serve as a signal for phytoalexin production (Thoma et al., 2003; van Baarlen et al., 2004) . However, due to the rapid and extensive nature of cell wall modifications in sitiens, we propose that wall strengthening will have an important effect in delaying fungal colonization and progress, with antimicrobial secondary metabolites acting during subsequent stages of plant defense.
As opposed to the generally accepted theorem that plant defense-related ROS formation aids necrotrophs in their pathogenicity, we state that timely production of H 2 O 2 and fast induction of defense responses, including cell wall modifications, are efficient in protecting the sitiens tomato mutant against B. cinerea. We propose that resistance due to low ABA content originates from higher basal defense-related transcript accumulation and subsequent fast and strong defense activation upon pathogen challenge.
MATERIALS AND METHODS
Plant Material, Exogenous ABA Application, and Antioxidant Treatments Tomato (Solanum lycopersicum, previously Lycopersicon esculentum) sitiens mutants (Taylor et al., 1988 (Taylor et al., , 2000 , provided by Prof. M. Koornneef (Wageningen University) and the corresponding wild-type 'Moneymaker' were grown in potting compost soil (Substrat 4; Klasmann-Deilmann) at 22°C. Plants were raised in a growth chamber with 75% relative humidity in a 16-h light/8-h dark regime. ABA treatment was performed as described by Achuo et al. (2006) . Plants were sprayed until runoff with 100 mM ABA twice a week during their development. After 4 to 5 weeks, when seedlings were at the fifth leaf stage, leaf discs were punched out of the tertiary leaves with a 1-cm-diameter cork bore and placed floating with the adaxial side up in 24-well plates (VWR). Each well was filled with 1.5 mL of distilled water or, if indicated, with 1.5 mL of the solution of the chemical treatments. The treatments used consisted of 5 mM ascorbic acid (Sigma-Aldrich), 1,100 units/mL catalase (Sigma-Aldrich), 50 mM DPI (Sigma-Aldrich), and distilled water as control. The discs of the ABAtreated plants were placed in distilled sterile water as in the control treatment. For transcription profiling, whole tertiary leaves of 5-week-old plants were used for infection.
Fungal Material and Infection Method
Conidia of Botrytis cinerea strain R16 (Faretra and Pollastro, 1991) were obtained as described by Audenaert et al. (2002) . The conidial suspension was centrifuged for 10 min at 10,000g. After removal of the supernatant and resuspension of the conidia in distilled water, an inoculation suspension was prepared containing 6.25 3 10 4 conidia/mL in 16.7 mM KH 2 PO 4 and 25 mM Glc. Conidia were pregerminated for 2 h in the inoculation suspension at 22°C. For leaf disc assays, two 5-mL droplets were used to inoculate each tomato leaf disc. The plates containing the leaf discs were incubated at 22°C under dark conditions. Symptoms were evaluated after 4 d. Each inoculation droplet was classified as a spreading or nonspreading lesion and the data were analyzed with a binary logistic regression. At least 72 inoculation drops were evaluated for each treatment. For RNA extraction, a spray inoculation was used to get a uniform infection covering the total leaf area. Leaves were sprayed with an inoculation solution containing 5 3 10 4 spores/mL, 0.01 M KH 2 PO 4 (pH 5), and 6.67 mM Glc, and placed in plastic trays with high humidity according to Audenaert et al. (2002) and incubated at 22°C under dark conditions. Mock inoculation consisted of spraying plant leaves with a solution of 0.01 M KH 2 PO 4 (pH 5) and 6.67 mM Glc.
Visualization of Defense Responses
To compare the defense responses of sitiens and wild-type leaf tissue, different staining techniques were used and evaluation was done macroscopically and microscopically. Leaf discs were inoculated with B. cinerea as described above and sampled at 4, 8, 12, 16, 20, 24, 48, and 72 hpi by clearing and fixing in 100% ethanol. For each time point, at least three discs originating from different plants of sitiens and wild type were used. For H 2 O 2 accumulation, staining was according to the protocol of Thordal-Christensen et al. (1997) . Three hours before each sampling time point, tomato leaf discs infected with B. cinerea were placed under light conditions and floated in a solution of 1 mg/mL DAB-HCl (pH 4). Polymerization of the DAB molecule at the site of H 2 O 2 and peroxidase accumulation results in a brown, reddish color that is macroscopically visible and because of the high spatial and temporal distribution of the oxidized DAB molecule, it can be visualized using bright-field microscopy. A subset of the ethanol-fixed DAB-stained samples was embedded in Technovit 7100 histoembedding medium (Heraeus Kulzer) according to the manufacturer's instructions and semithin cross sections (4 mm) were cut with a Leica RM2265 motorized rotary microtome (Leica Microsystems). To detect superoxide, leaf discs were floated in 0.05% NBT for 30 min before fixation in 100% ethanol, according to the protocol of Doke (1983) . For protein cross-linking, staining was performed as described by Mellersh et al. (2002) . Ethanol-fixed samples were placed in 1% SDS at 80°C for 24 h and stained with 0.1% Coomassie Blue in 40% ethanol/10% acetic acid for 15 min and subsequently washed in 40% ethanol/10% acetic acid. To visualize cell wall modifications, safranin-O staining was according to Lucena et al. (2003) . Leaf discs were incubated in 0.01% safranin-O in 50% ethanol for 3 min. Accumulation of phenolics was detected by staining with 0.05% toluidine blue in citrate/citric acid buffer (50 mM, pH 3.5; Mellersh et al., 2002) . Fungal structures were stained with 0.02% trypan blue in lactophenol. After staining, leaf discs were mounted in 50% glycerol. Fluorescence and bright-field microscopy were performed with an Olympus BX-51 microscope and images were captured with a ColorView III camera and edited with the software package CELL-F (Olympus Soft Imaging Solutions).
Extracellular peroxidase activity was measured with the TMB assay based on Ros Barceló (1998) . Leaf discs, inoculated with two drops of a B. cinerea conidial suspension or with the appropriate mock solution, were fixed in ethanol. After subsequent washing in distilled water, the discs were incubated in 1.5 mL of 50 mM Tris-acetate buffer (pH 5.0) containing 0.1 mg/mL TMB and 0.03% H 2 O 2 for 20 min. Peroxidase activity of the discs was determined by measuring the absorbance of the incubation solution at 654 nm.
Sampling and RNA Preparation
Leaf samples were taken at 0 and 8 hpi. Two leaflets per leaf were excised and immediately frozen in liquid nitrogen. Three days after inoculation, infection levels on the three remaining leaflets were scored. For each genotype/treatment combination (i.e. wild-type mock, wild-type infected, sitiens mock, and sitiens infected), four leaflets were sampled and pooled. Total RNA was prepared from the sample pools with the RNeasy plant mini kit (Qiagen), according to the manufacturer's instructions. Total RNA quality was checked on an agarose gel and concentrations were determined with a ND-1000 spectrophotometer (Nanodrop Technologies).
Microarrays
The tomato TOM1 microarray used was obtained from the Center for Gene Expression Profiling of the Boyce Thompson Institute and consisted of 12,899 EST clones representing 8,600 independent tomato genes. The functional annotation of the genes related to the spotted cDNAs can be viewed at http:// bti.cornell.edu/CGEP/CGEP.html.
Target Labeling and Hybridizations
Target labeling and hybridizations were carried out at the Flanders Institute of Biotechnology MicroArray Facility (http://www.microarrays.be). Total RNA (5 mg) of each sample was reverse transcribed to double-stranded cDNA and further amplified according to a modified version of the protocol described in Puskás et al. (2002;  http://www.microarrays.be/service.htm). Subsequent Cy5 and Cy3 (GE-Healthcare) labeling, hybridization, posthybridization washing, and scanning were performed according to protocols accessible through the Web site (http://www.microarrays.be/service.htm).
Experimental Design and Statistical Analysis of Microarray Data
We constructed a loop design (Supplemental Fig. S3 ) consisting of 14 twodye TOM1 microarray experiments in which two independent pools of four leaflets harvested from 5-week-old mock-sprayed and spray-infected plants at 0 and 8 hpi were compared. Expression data were analyzed in two steps: (1) a within-slide analysis aimed at removing variation associated with differential dye responses to binding and scanning, as noise; and (2) a between-slide analysis aimed at estimating the mean differences between treatments (e.g. genotypes and infection treatments) and their SE. To correct for dye intensity differences, we used the robust scatter plot smoother LOWESS as implemented in Genstat (Payne and Lane, 2005) , where the response variable is the log 2 ratio of the artifact-removed total foreground Cy3 and Cy5 fluorescence intensities measured at the 12,899 spots. The fraction of the data used for estimating the local LOWESS fit was set at 20%.
For between-slide analysis, a two-step mixed-model ANOVA (Wolfinger et al., 2001 ) was used and variance components were estimated by residual maximum likelihood (REML), as implemented in Genstat (Payne and Lane, 2005) and described previously (Vuylsteke et al., 2005; Nettleton, 2006) . Following Wolfinger et al. (2001) , the mixed-model analysis on the LOWESS fit to the spot measurements consisted of two steps. First, array and channel effects were removed from the expression responses by a normalization ANOVA model of the form:
response 5 m 1 array 1 dye 1 ðarray 3 dyeÞ 1 residual;
where the response variable represents the corrected log 2 -transformed Cy3 and Cy5 fluorescence intensity measurements of the 12,899 ESTs. Array models the hybridization effects of each of the 14 microarrays, dye models the effects of each of the two dyes, and dye by array models the 28-channel effects. Array, dye, and dye by array were added as random terms. In a second step, the residuals from model 1 were analyzed for each of the 12,899 ESTs separately by a mixed model of the following form:
residual 5 m 1 dye 1 replicate 1 genotype 1 treatment 1 ðgenotype 3 treatmentÞ 1 ðgenotype 3 treatment 3 timeÞ 1 array 1 error; ð2Þ partitioning gene-specific variation into gene-specific fixed dye effects, fixed replicate effects, fixed genotype (wild type and sitiens) effects, fixed treatment (mock and infected), fixed genotype-specific treatment effects, and fixed genotype-specific treatment effects across time. The random array term models the effects for each spot and equals the (EST 3 array) interaction effect. These models were fitted by REML and Wald statistics were calculated to assess significance of the fixed effects in the gene model. No further adjustments for multiple testing were done. From REML analysis, we saved the vector of estimated genotype, treatment, and interaction effects with the corresponding estimated variance-covariance matrix for each gene. Test statistics for contrasts were constructed from the parameter estimates divided by their SEs. These ratios were supposed to follow approximately a t distribution, with the degrees of freedom equal to those for the error term in the gene-specific model. On the basis of the t approximation to the test statistics for the contrasts, P values were calculated.
Quantitative RT-PCR Analysis
Poly(dT) cDNA was synthesized from 2 mg of total RNA with SuperScript II reverse transcriptase (Invitrogen) and quantified on a LightCycler480 RT-PCR detection system (Roche Diagnostics) with the SYBR Green I RT-PCR core kit (Roche Diagnostics). PCR was carried out in triplicate. Gene-specific primer pairs were designed with Beacon Designer 4.0 (Premier Biosoft 
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Supplemental Figure S1 . Superoxide accumulation detected with NBT in wild-type and sitiens tomato leaf discs inoculated with B. cinerea.
Supplemental Figure S2 . Symptom development of wild-type and sitiens tomato leaves 3 d after spray inoculation with 5 3 10 4 B. cinerea conidia/mL.
Supplemental Figure S3 . Experimental design consisting of 14 TOM1 cDNA arrays to examine transcript levels in RNA samples collected from wild-type and sitiens plants inoculated either with an infection solution or a mock solution at 0 and 8 hpi.
Supplemental Figure S4 . Gene expression kinetics of osmotin-like protein (SGN-U144488), endo-1,3-b-glucanase (SGN-U143416), and PR1 protein (SGN-U143838; Table I ), PR1A1 protein (SGN-U144656), Pro-rich protein EIG-I30 (SGN-U143866; Table II) , and cell wall protein (SGN-U147913; Supplemental Table S2 ) in wild-type and sitiens leaves sprayinoculated with 5 3 10 4 B. cinerea conidia/mL.
Supplemental Table S1 . Genes significantly differentially expressed in wild-type and sitiens plants after infection with B. cinerea (P , 0.01) with FC of at least 1.5.
Supplemental Table S2 . Nonredundant list of cell wall-related genes significantly differentially expressed upon B. cinerea infection at 8 hpi (P , 0.05) with FC of at least 1.5 in sitiens plants.
